ABSTRACT Physiologically, cells experience and respond to a variety of mechanical stimuli such as rigidity and topography of the extracellular matrix. However, little is known about the effects of substrate curvature on cell behavior. We developed a novel, to our knowledge, method to fabricate cell culture substrates with semicylindrical grooves of negative curvatures (radius of curvature, R c ¼ 20-100 mm). We found that negative substrate curvatures induced elongation of mesenchymal and epithelial cells along the cylinder axis. As R c decreases, mesenchymal National Institutes of Health 3T3 fibroblasts increasingly elongate along the long axis of the grooves, whereas elongation of epithelial Madin-Darby Canine Kidney (MDCK) cells is biphasic with maximal cell elongation when R c ¼ 40 mm. Addition of blebbistatin to MDCK cells to reduce cortical actin rigidity resulted in a decrease in cell elongation across all curvatures while preserving the biphasic trend. However, addition of calyculin A or ethylene glycolbis(2-aminoethylether)-N,N,N 0 ,N 0 -tetraacetic acid, to increase cortical rigidity or reduce intercellular adhesion, respectively, resulted in a monotonic increase in MDCK cell elongation with decreasing R c . Using an energy minimization model, we showed that cell elongation in epithelial cell sheet is governed by the competition between two energies as R c decreases: curvaturedependent intercellular adhesion that prevents elongation; and intracellular cortical actin bending that enhances elongation. Therefore, our results of cellular elongation induced by negatively curved substrates offer insights into how tubule elongation or growth of tubular structures such as kidney tubules can be controlled by the substrate curvature in vivo.
INTRODUCTION
Biological cells rely on external cues from the environment to determine their behavior, triggering a wide range of cellular events including mitosis, differentiation, migration, apoptosis, gene expression, and signal transduction (1, 2) . External signals can be broadly divided into two categories: biochemical and mechanical. Although cellular response to biochemical cues that activate various plasma-membrane receptors (1) have been extensively studied, far less work has been done in the study of cellular response to mechanical cues. In recent years, a few research groups demonstrated that cells can sense and respond to the mechanical properties of their extracellular matrix such as substrate rigidity (3) (4) (5) (6) and three-dimensional (3D) grating topography (7) (8) (9) . Although these studies revealed many insights on the role of external mechanical input in cellular response, the curvature of the physiological extracellular environment has been largely neglected, as in vitro studies are usually conducted on planar surfaces. Cellular response to substrate curvature, one of the key mechanical signals experienced by the cells in their physiological environment, remains unclear.
Curvature is a fundamental mechanical constraint that all cells in the human body are subjected to as cells organize into crypts, villi, tubes, or cysts (10) . However, cells are commonly cultured, in vitro, on two-dimensional (2D) flat surfaces such as glass and plastic dishes where substrate curvature is absent. Increasing research has shown that cell behavior and migration on these 2D flat surfaces are different from that in physiologically relevant 3D matrices (11) (12) (13) (14) (15) . For example, Lee et al. (12) showed that fibroblasts grown in 3D spherical pores have smaller focal adhesion complexes and thinner actin stress fibers than cells grown on flat 2D surfaces. In one of the few studies conducted that concerned cells cultured on positively curved convex substrates, Rovensky and Samoilov (16) found that single cell spreading, shape, and alignment can be altered by growing the cells on top of cylindrical optic fibers with radii of 12-25 mm. The influence of substrate curvature was different for different cell types studied: fibroblastic cells elongate and align along the long axis of the cylinder, whereas epithelial cells bend around the cylinder with less pronounced elongation and orientation (16, 17) . To explain these results, Biton and Safran proposed a theoretical model that showed that the relative strength of cell contractility and the anisotropic bending of actin stress fibers are crucial in determining cell elongation and orientation on cylindrical surfaces (18) . These results obtained on positively curved convex substrates showed that cellular organization can be altered by substrate curvatures, but it is unclear if cells behave similarly on negatively curved concave substrates.
Previous studies on the effects of substrate curvature on cellular behaviors were largely conducted on substrates with positive curvatures (basal side of the cell lies on a convex surface) because of the greater ease of fabrication (15, 16) . However, most channels in the body are subjected to negative curvature (basal side of the cell lies on a concave surface), with the apical surface of the cell facing the center of the cylinder (19) . Examples of tissues with such curvatures in our bodies include the epithelial cells of the trachea, intestines, and sweat glands as well as the convoluted tubules present in the kidneys (19) . It is unknown whether negative substrate curvatures would alter the morphology and intercellular adhesion strength of the epithelial cells, which may in turn affect important cellular processes, such as tubule growth during development, and the ability of the epithelial cell sheet to act as a barrier against foreign bodies.
In this article, we demonstrated a novel, to our knowledge, method to fabricate physiologically relevant substrates with semicylindrical channels of negative curvatures at various radius of curvatures (R c s) ranging from 20 to 100 mm. The method employs simple heat embossing techniques that can be achieved with commonly available tools (Fig. 1, A-D) . Using these semicylindrical channels, we investigated the effects of negative substrate curvature on the behavior of Madin-Darby Canine Kidney (MDCK) epithelial cell sheets. MDCK cells are commonly used as a model for epithelial cells as they have been shown to exhibit similar characteristics as the epithelial cells found in the distal convoluted tubules in the kidneys (20) . The epithelial cells in these tubules are in the shape of cylinders with radius ranging from 10 to 100 mm in mammalian kidneys (21) , which is similar to the dimension of our semicylindrical channels.
Our results showed that negative substrate curvature can induce both mesenchymal and epithelial cell elongation along the cylindrical axis similar to in vivo observations of elongation of epithelial cells in Drosophila tracheal tube (22) . We also found that although mesenchymal National Institutes of Health 3T3 (NIH3T3) fibroblasts increasingly elongate along the cylinder's long axis as R c decreased, epithelial MDCK cell elongation showed a biphasic trend in which cell elongation is highest at an intermediate R c . We hypothesized that this difference in cell elongation behavior arises from the strong cell-cell adhesion present in MDCK cells, which prevents elongation of the MDCK cells at small R c . In support of our hypothesis, we found that reducing cell-cell adhesion strength with ethylene glycol-bis(2-aminoethylether)-N,N,N 0 ,N 0 -tetraacetic acid (EGTA) treatment (23) abolished the biphasic relationship of cell elongation with R c . We also proposed an energy minimization model that explained that as R c decreases, curvature-dependent cell-cell adhesion prevents cell elongation while the bending of the cell's cortical actin enhances cell elongation on curved substrates. The competition between cell-cell adhesion and cortical actin bending rigidity therefore accounts for the biphasic trend between R c and cell elongation. Taken together, we have demonstrated that a substrate's negative curvature can lead to physical rearrangement of cells within the epithelial cell sheet that is considerably different from cells grown on flat substrates.
MATERIALS AND METHODS

Fabrication of semicylindrical plastic molds and polydimethylsiloxane substrates
Hot embossing with electric heating wires (24) was used to fabricate molds for casting polydimethylsiloxane (PDMS) substrates with semicylindrical grooves of negative curvature with radius 20, 40, 50, and 100 mm. Cylindrical resistance heating wires (Kanthal D) of radius 20, 40, 50, or 100 mm were first stretched horizontally across two freelymoving joints, 15 cm apart, and ensured to be taut. The wire was then resistively heated to $500 C using an unregulated power supply (12 V, 3 A). A polystyrene slide (size 15 Â 15 mm) was mounted on an adjustable platform and slowly raised such that the slide is gently pressed against the heated wire for $20 s (Fig. 1 A) . The polystyrene slide was then removed from the heated wire and a semicylindrical groove will be embossed on the polystyrene slide. The polystyrene slide was then coated with a layer of uncured smooth-cast 310 (polyurethane) (Smooth-On, Macungie, PA) and the plastic was allowed to cure for 4 h (Fig. 1 B) . The polystyrene slide was then discarded, and the smooth-cast plastic mold was utilized as the master mold to repeatedly cast PDMS substrates with identical R c . A drop of 10 mM fluorescien (50 mL) was smeared on top of the plastic mold and examined under a Carl Zeiss LSM 5 LIVE inverted confocal microscope (Carl Zeiss Microscopy, Jena, Germany) with 20Â air objective lens (numerical aperture 0.75) to confirm that the radius of the embossed groove is similar to the embossing wire (Fig. 1, C and D) .
The PDMS substrates were prepared by first mixing the base and curing agent of the Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MI) in a ratio of 1:10 (wt/wt). The PDMS mixture was poured over the plastic molds, degassed for 30 min, and cured at 80 C for 1 h. The PDMS substrates were then peeled off the plastic molds, coated with 100 mg/mL fibronectin (Sigma-Aldrich, St. Louis, MO) at 4 C overnight, washed three times with phosphate-buffered saline (PBS) and sterilized with exposure to ultraviolet light in a sterile hood for 15 min. The substrates were equilibrated in cell culture medium for 30 min at 37 C before the cells were seeded.
Cell culture and immunofluorescence staining NIH3T3 and MDCK cells were cultured in Dulbecco's modified Eagle's medium (Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum (Life Technologies, Carlsbad, CA) and 1% penicillin-streptomycin (Life Technologies) at 37 C, 5% CO 2 , and 100% humidity. 2.5 Â 10 5 cells were seeded in each well of the 12 well plate that contained the PDMS substrate and were allowed to grow for 3 days to full confluency. For cells treated with EGTA, blebbistatin, or calyculin A, final concentrations of 4 mM EGTA (Sigma), 100 mL/mL blebbistatin (Tocris Bioscience, Bristol, United Kingdom), or 10 nM calyculin A (Sigma) were added to the respective samples 4 h before fixing.
To fix the cells for immunofluorescence staining, the cells on the PDMS substrates were washed twice with PBS and fixed with 4% paraformaldehyde (Sigma) for 15 min at room temperature. The cells are then permeabilized with 0.1% Triton-X (Sigma) for 10 min at room temperature and washed with PBS three times. After blocking with 1% bovine serum albumin (PAA Laboratories, Pasching, Austria) at room temperature for 1 h, the fixed samples were incubated with rat anti-E cadherin antibody (Life Technologies) at 4 C overnight and subsequently washed thrice with 1% bovine serum albumin. The samples were then incubated with the mixture of Alexa Fluor 488 conjugated anti-rat immunoglobulin G antibody (Life Technologies) and Alexa Fluor 635 conjugated phalloidin (Life Technologies) for 1 h at room temperature before being washed three times with PBS. The samples were then mounted in ProLong Diamond antifade reagent with DAPI (Life Technologies) to minimize photobleaching.
Image acquisition and processing
3D image stacks of the fixed cells were obtained with the Carl Zeiss LSM 5 LIVE inverted confocal microscope with a 40Â oil objective lens (numerical aperture 1.3) (Carl Zeiss Microscopy). The 3D image stacks were then processed using the UNWRAP program developed by Ye et al. (25) to map the cylindrical monolayer unto a flat 2D plane. Cell outlines were obtained in ImageJ based on a simple intensity threshold of the actin cortex staining that estimates the cell-cell boundaries. The cell outlines were then fitted with ellipses that have the same area and the same second order of moment about the cell centroid to obtain the elongation (ratio of major axis length to minor axis length of fitted ellipse) and the orientation angle (angle between the major axis of fitted ellipse and the short axis of the cylinder) of each cell. The number of cells counted for the data analysis is denoted by the values of n given in each figure legend.
Computational model
An energy minimization model was developed to represent the morphology of a cell in cylindrical channels of negative curvatures with various R c . The model was used to find the optimum morphology of a cell on the cylindrical substrate that minimizes the cell's total energy. We assumed that there are no gaps across the monolayer surface as the cell is connected laterally via cell-cell adhesion to neighboring cells and basally with the curved substrate, and the cell is given free mobility to rearrange to minimize the total energy of the cell. A schematic diagram of the model cell is shown in Fig. 1 E. The cell was modeled as simple cuboid with perfect cell-substrate adhesion and thus is bent to conform to the curvature of the substrate. The cell shape can be completely parameterized by specifying its height, h, length, L, projected angle, q, and the R c . Moreover, for ease of calculations, the cell was approximated to have constant volume, V 0 ¼ 800 mm 3 , because it has been shown that the mean cell volume over the whole MDCK monolayer remains approximately constant over time (26) . Because our computational model attempts to describe the average cell morphology, it is reasonable to apply a volumetric constraint on the model. An additional term R 0 , defined as R c À h = 2, was also used to simplify the expressions. The total energy (E T ) of the cell can then be specified using Eq. 1:
(1)
The energy terms considered in this equation were the cell-cell adhesion (E A ), the membrane surface tension (E S ), and the bending of the cortical actin (E B ). The cell-cell adhesion term is given in Eq. 2. The cell-cell adhesion energy was approximated to be directly proportional to the contact area between the cells and scaled by an energy factor, a. This approximation is reasonable because the long-time scale of the experiment ensures that there is sufficient time for the rearrangement of adhesion molecules (e.g., E-cadherin) such that the density of adhesion molecules on all surfaces remains a linear function of the cell surface area. The adhesion term along the curvature is further modulated by a Hill's function, H (Eq. 3), to account for the curvature-dependence variation of the adhesion term. The turning point of the Hill's function was determined by using the experimental data, whereas the exponent was determined by sweeping a range of values and testing the validity of the fit. The R c was also scaled by a factor of 30 mm, which approximates the average MDCK cell diameter (26) .
The surface tension term is given by Eq. 4. This term depicts the finite surface area constraint due to the presence of a physical membrane, which would require energy to be stretched and distorted to compensate for an increase in surface area. Thus, the expression is dependent on the square of the surface area of the cell, modulated by a proportionality factor, g.
A hexagonal frame was used to model the cortical actin. In reality, the cortical actin ring should be an ellipse with the same length/breadth ratio as the cell. However, that makes the calculations complex. Approximating the ellipse to a hexagon simplifies the problem while still offering the same degree of flexibility in shape manipulation as an ellipse. In addition, modeling the cortical actin ring as a hexagon has also been used in previous models (27, 28) . To account for the inherent elongation of a hexagon, the width of the hexagon was set to be ffiffi ffi 3 p O2 of the cell width. The lengths of the sides of the hexagon were allowed to fluctuate to fit the elongation of the cell, but the angles were constrained to be constantly at 120 at all vertices and the hexagon was also constrained to be bilaterally symmetrical along planes perpendicular and parallel to the long axis of the cylinder. The actin filaments within the cortical actin were modeled by using a simple circular rod with finite radius and bending modulus, k, thus giving a bending energy of the form of Eq. 5:
To simplify the expression, we utilized the volume constraint to express the length of the cell in terms of the other parameters of the cell. The equation was also divided by the surface tension factor, gamma, to reduce the number of unknown variables from three to two, where a 0 and k 0 represent a g and k g . Furthermore, by approximating the height of the cell as a constant (h ¼ 8 mm) (26), we can differentiate the total energy of the cell with respect to theta to find the energy minimum. This gave us a deterministic fourth order differential equation with respect to theta as shown by Eq. 6:
The final Eq. 6 to find the minima of the energy function is a deterministic polynomial equation that can be solved analytically with a quartic solver to find the value of q that gives the minimum total energy for given values of R c , a 0 , and k 0 . Subsequently, this value of q can be used to calculate the major and minor axis length of the optimum cell morphology, from which the cell elongation ratio can be obtained. Thus, no iterations were needed to obtain the cell dimensions and there is no simulation domain involved in the model.
The parameters a 0 and k 0 were chosen to be 700 mm 2 and 4,300,000 mm 5 respectively to fit to the experimental data (Fig. 4 B) . The strength of the cell-cell adhesion in the model can also be reduced by using a lower value of a 0 (a 0 ¼ 380 mm 2 ). This allows us to compare our simulation results with experimental data when cell-cell adhesion is reduced through the addition of EGTA (Fig. 4 C) . We also used a high k 0 (k 0 ¼ 5,000,000 mm 5 ) and low a 0 ¼ 0 mm 2 to simulate the case of NIH3T3 fibroblasts on curved substrates, where the fibroblasts' actin bending modulus is very high and cellcell adhesion is very weak (Fig. 4 D) .
Statistical analysis
Statistical analyses were performed by using the two-tailed Student's t-test with unequal variance. The means of two sets of data are considered to be significantly different for the following p-values: p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***).
RESULTS
Mesenchymal NIH3T3 cells elongate and align to the cylindrical axis with decreasing R c
We observed that mesenchymal NIH3T3 cells were inherently elongated, even on flat surfaces, with an elongation ratio of 2.51 5 0.146 (mean 5 standard error [SE] of the mean) (Fig. 2, A and I) . However, when the NIH3T3 cells were grown on the negatively curved cylindrical substrates, the cells were found to elongate and align along the cylindrical axis (Fig. 2, I and J) . As the R c of the cylinders decreased, the NIH3T3 cell elongation ratio and alignment along the long axis of the cylinder increased (Fig. 2, B, C,  I , and J). A 75% increase in elongation ratio was observed between R c ¼ 20 mm (elongation ratio of 3.66 5 0.235, mean 5 SE of the mean) and flat surfaces. To obtain an estimate of how many cells were aligned to the cylinder axis, the proportion of cells whose orientation angle were within 20 of the axis of cylinder was obtained. This representation of cell alignment was chosen instead of the mean cell orientation angle for each R c because the value will not be heavily biased by the population of cells that are not aligned with the cylinder axis. We observed that although only 34% of the cells were aligned within 20 of the axis of the cylinder when R c ¼ 100 mm, 75% of the cells were lying within 20 of the axis of the cylinder when R c ¼ 20 mm (Fig. 2,  G and J) .
This behavior is expected due to the presence of large numbers of actin stress fibers in NIH3T3 cells, which would want to lie along the axis of the cylinder to minimize energy (18) , hence resulting in cell elongation and alignment along the long axis of the cylinder. At higher R c , the energy required to bend the actin stress fibers becomes much lower and comparable to other energy terms, such as the surface tension of the cell and thermal fluctuations, hence resulting in lower elongation and loss of cell alignment with the axis of the cylinder. These results are consistent with the predictions made by Biton and Safran's model (18) . Elongation of epithelial cells in MDCK monolayer show a biphasic behavior with decreasing R c MDCK epithelial cells were seen to be less elongated than the mesenchymal NIH3T3 cells (elongation ratio of 1.64 5 0.00664, mean 5 SE of the mean) on flat surfaces and show no preferential alignment (Fig. 2, D, I , and J). On the negatively curved cylindrical substrates, however, the MDCK cells were observed to elongate slightly and align along the cylindrical axis (Fig. 2, I and J) . Unlike the NIH3T3 cells, the MDCK cell elongation ratio first increased from 1.643 on flat surfaces as the R c decreased until a peak value of 1.89 5 0.0299 (mean 5 SE of the mean) at 40 mm, followed by a decrease in elongation ratio to 1.78 5 0.0260 (mean 5 SE of the mean) when the R c was further reduced to 20 mm (Fig. 2, E, F, and I) . The MDCK cells, however, still showed increased alignment along the long axis of the cylinder (Fig. 2 H) , with $40% of the cells lying within 20 of the axis of the cylinder when R c ¼ 20 mm (Fig. 2 J) . This alignment of cells showed a much weaker dependence on curvature, as compared to NIH3T3 cells, with an increase of only 17% of cells lying within 20 of the axis when moving from a flat substrate to a substrate with R c ¼ 20 mm. In comparison, NIH3T3 cells showed an increase of 50% of cells lying with 20 of the axis for the same curvature transition.
The initial MDCK cell elongation, as R c decreased, mimics what is observed in the mesenchymal NIH3T3 cells, but the drop in cell elongation ratio when R c < 40 mm only occurred in the MDCK epithelial cell sheets. This biphasic behavior suggests the presence of two competing forces, one that drives cell elongation and one that opposes it. We theorize that the bending of the cortical actin in the MDCK cells results in an energy cost of bending as R c decreased, thereby driving cell elongation of both the NIH3T3 and MDCK cells. At very small R c , however, we propose that the stronger intercellular adhesion present in the MDCK cells as compared to the NIH3T3 cells could prevent cell elongation, thereby leading to a drop in MDCK cell elongation ratio.
Addition of blebbistatin results in a decrease in cell elongation across all curvatures, whereas addition of EGTA increases cell elongation at extremely high curvatures
To test our theory, we treated MDCK cells with either blebbistatin, calyculin A, or EGTA for 4 h before fixing and immunostaining the cells. Blebbistatin is a small molecule inhibitor of myosin II, which is present in the actin-cortex, and studies have shown that treatment of cells with blebbistatin decreases cortical actin tension and rigidity in the cells (29) (30) (31) . On the other hand, calyculin A is an inhibitor for protein phosphatases (PP1 and PP2A) responsible for myosin-light chain dephosphorylation. Treatment of cells with calyculin A therefore promotes myosin contractility and increases cortical actin tension and rigidity (29) (30) (31) . EGTA is a calcium ion chealator that is known to disrupt and reduce cadherin-mediated cell-cell adhesion strength (32) . Addition of the various compounds to the MDCK cells adhered to the curved substrates would therefore confirm if intracellular cortical actin bending rigidity or intercellular adhesion strength are important factors accounting for the biphasic behavior observed between MDCK cell elongation and substrate curvature.
Addition of blebbistatin resulted in a general decrease in cell elongation ratio across all curvatures while still preserving the biphasic behavior (Fig. 3, A-C and N) . The maximal cell elongation ratio after blebbistatin treatment occurred at R c ¼ 40 mm, albeit at a lower value (elongation ratio of of the axis of the cylinder $40%) when R c ¼ 20 mm (Fig. 3 M) . These results suggest that reduced cortical actin rigidity can reduce substrate curvature-induced cell elongation but does not alter the biphasic relationship between cell elongation and substrate curvature.
In contrast, treating the MDCK cells with calyculin A to increase cortical actin rigidity caused the cells to increasingly elongate with decreasing R c (elongation ratio of 1.91 5 0.0412, mean 5 SE of the mean, when substrate R c ¼ 20 mm; elongation ratio of 1.78 5 0.0272, mean 5 SE of the mean, on flat substrates), similar to that observed in fibroblasts (Fig. 3, E-G and N) . Addition of calyculin A also increased the alignment of MDCK cells (percentage of cells lying within 20 of the axis of the cylinder $45.6%) as compared to the alignment of MDCK cells without blebbistatin treatment (percentage of cells lying within 20 of the axis of the cylinder $40%) when R c ¼ 20 mm (Fig. 3 M) . Increasing cortical actin rigidity seems to enhance cell elongation at very small R c .
Adding EGTA to the media chelates calcium from the cell culture media and disrupts cadherin-mediated cell-cell adhesion (32) . This was observed in our immunofluorescence staining as MCDK cells treated with 4 mM EGTA showed lower E-cadherin intensity at the cell-cell boundaries as compared to control cells (Fig. 3, I -K vs Fig. 2, D-F) . We found that treatment with EGTA did not alter the elongation ratio of MDCK cells between R c ¼ 40-100 mm (Fig. 3 N) . However, cells treated with EGTA became much more elongated at R c ¼ 20 mm of the axis of the cylinder remained similar to that without EGTA treatment ($38% when R c ¼ 20 mm) (Fig. 3 M) .
These observations of the blebbistatin-treated cells, calyculin A-treated cells, and EGTA-treated cells support our theory that the biphasic elongation behavior is driven by two competing energy minimization functions involving intracellular cortical actin bending rigidity and intercellular cell-cell adhesion strength, of which cell-cell adhesion dominates at low R c and prevents the MDCK cells from further elongation to minimize the energy cost of bending the cortical actin.
Computational model shows that maximal cell elongation at R c ¼ 40 mm is due to the competition between cortical actin bending and differential adhesion along the axis of the cylinder To further explain our experimental observations, we have developed a computational model to model the arrangement of the cells in cylindrical channels of negative curvatures of various R c . The energy minimization model attempts to minimize total cell energy E T due to cell-cell adhesion E A , the membrane surface tension E S , and the bending of the cortical actin E B (Eqs. 1-6). Intuitively, it can be seen that a simple increase in cell-cell adhesion strength is unable to explain the drop in cell elongation at small R c . This is because strong cell-cell adhesion will tend to increase cell-cell contact surface area that will encourage rather than inhibit cell elongation. A plausible explanation would be the presence of a curvature-dependent cell-cell adhesion energy along the curvature direction which reduces as R c decreases. Thus, the cell-cell adhesion terms along the curvature direction in the model were modulated by using a Hill's function with a curvature dependence (Eq. 3).
By sweeping a wide range of values for the parameters representing the cell-cell adhesion strength, a 0 , and the bending modulus of the cortical actin, k 0 , several distinct regions emerge (Fig. 4 A) . Firstly, there is the gray region where curvature-dependent cell-cell adhesion dominates and cell elongation ratio decreased monotonically as R c decreased. On the other hand, in the black region where the cortical actin bending dominates, cell elongation ratio increased monotonically as R c decreased, similar to the experimental results obtained for cells treated with EGTA and NIH3T3 fibroblasts (Fig. 4, C and D) . It is only within the dark gray region, where the modeled cells exhibited similar biphasic behavior to that which we observed experimentally for untreated MDCK cells (Fig. 4 B) . This modeling exercise allowed us to extract the potential range of values for the cell-cell adhesion strength and the cortical actin bending modulus for MDCK cells, from which we generated results that showed good agreement with our experimental data. We have fixed the cell-cell adhesion strength and cortical actin bending modulus of all subsequent simulations for MDCK cells as a 0 ¼ 700 mm 2 and k 0 ¼ 4,300,000 mm 5 , respectively. The distribution of the cellular alignment can also be tested by our computational model from the equation given by Eq. 1, where the energy of the cells at each angle can be calculated. By assuming that the angular distribution of the cells are driven simply by thermal fluctuations, we can then calculate the probability of the cell being in each alignment from exp(ÀE T /k B T), where E T is the total energy of the cell given by Eq. 1, k B is the Boltzmann constant and T is the temperature (T ¼ 298 K). By normalizing the exponents, we obtained a simulated distribution of the cell alignment for parameters relevant to both MDCK cells and NIH3T3 fibroblasts (Fig. 4, E and F) . These simulated results showed that the number of cells aligned along the long axis of the cylinder increased as R c decreased, in agreement with the experiment.
DISCUSSION
It is recognized that biological cells sense and respond to mechanical stimuli in their extracellular environment. For example, studies have shown that increasing mechanical rigidity of the extracellular matrix can direct mesenchymal stem cell differentiation into osteogenic lineages (3), increase cell-generated traction forces (4), cell proliferation rates (5), and tumor cell invasion (6) . It is also known that 3D grating features can enhance the upregulation of neuronal markers in human mesenchymal stem cells, directing cells to differentiate into neuronal-like cells (7), as well as induce cell elongation and migration along the gratings' direction (8, 9) . Modeling has also proposed that mechanical forces may drive different cell shapes and organization in multilayered epithelial tissues of different curvatures (e.g., flat epithelial of the skin versus curved tubular epithelial in sweat glands) (27) . However, few in vitro studies have been conducted on curved substrates. It is unclear how substrate curvature, particularly negative curvature where the basal side of the cell is adhered to a concave surface, as found in tubular tissues within the body, such as the kidney tubules, alters cell behavior and morphology.
We have developed a novel, to our knowledge, method to fabricate PDMS substrates with semicylindrical grooves of negative curvatures (R c ¼ 20-100 mm) using commonly available tools. The smallest R c of 20 mm was chosen as we are interested in the role of substrate curvature in cellular arrangement within a monolayer. It is therefore important to choose the R c to span over a few cell radii such that an epithelial monolayer can form within the channel groove. A typical MDCK cell radius has been shown to be $15 mm (26). Thus, a R c of, e.g., 5-10 mm will be too small for an epithelial monolayer to form within the channel groove. Hence, the R c of 20 mm used in this study is the smallest relevant R c for our studies.
We have reported that cells on the negatively curved substrates are more elongated along the longitudinal cylindrical axis, which is similar to in vivo observations of the tracheal tube epithelial cells in Drosophila (22) , as compared to cells on flat substrates. We also showed that although mesenchymal NIH3T3 fibroblasts increasingly elongate along the long axis of the cylindrical grooves when R c decreases, MDCK epithelial cells show maximal cell elongation at R c ¼ 40 mm. The difference in the cell elongation response of the two cell types may arise due to the weaker cell-cell adhesion strength and a higher actin bending rigidity (18) in the mesenchymal NIH3T3 fibroblasts as compared to the MDCK epithelial cells. The addition of blebbistatin to the MDCK epithelial cells to reduce cortical actin rigidity decreases elongation across all curvatures while preserving the biphasic trend. However, when EGTA is added to reduce cell-cell adhesion, MDCK cell elongation increases monotonically as R c decreases. The results that we have presented indicate that the competition between the cortical actin bending and cell-cell adhesion is responsible for determining the elongation response of cells to a substrate's negative curvature. We therefore hypothesize that high cortical actin bending rigidity is likely to encourage cell elongation along the long axis of the cylindrical grooves at small R c while cell-cell adhesion inhibits cell elongation at very small R c .
To test our hypothesis, we have proposed an energy minimization model (33, 34) that assumes cells in the cylindrical grooves rearrange themselves in a configuration that minimizes energy arising from cell-cell adhesion, membrane surface tension, and bending of the cortical actin. Our model supports the claim that the biphasic behavior of MDCK cell elongation observed in our experiments is driven by the competition between two competing forces, the bending of the cortical actin, which enhances cell elongation as R c decreases, and curvature-dependent cell-cell adhesion, which prevents cell elongation at very small R c . Moreover, our model is also able to generate a distribution of angular alignment of cells similar to what was observed in the experimental data. Although our experimental data only showed elongation trends for two different cell types, we have explored different regions of the parameter space for MDCK cells by varying the cell-cell adhesion strength and cortical actin bending rigidity through the use of small molecule inhibitors and activators. The energy minimization model was able to replicate the general cell elongation trends observed experimentally in all these cases, as represented by the phase diagram (Fig. 4 A) , suggesting that the model is a reasonable representation of the system. Although our simple model was able to replicate the general cell elongation trends observed experimentally, the cell alignment for R c values higher than R c ¼ 20 mm seems to be reduced. As the modeling is a coarse-grained approach, the lower cell alignment predicted by the model may be due to several factors not accounted for in our model (for example, the lack of stress fibers or cell cytoskeletal rearrangement in the model). However, as the alignment and length of stress fibers are inherently randomized in the cells, the model will no longer be deterministic if the stress fibers were included. These additional factors would only add to the complexity of the model with added parameters for optimization. Also, given that our simpler model fits the elongation data trend, adding these extra terms could easily cause our model to over fit and represent the noise in our data instead.
Cell elongation induced by changing the substrate curvature may imply complex and multifaceted changes in cellular processes. Previous studies have associated cell elongation with changes in cell growth rate (35) , cell packing geometry (36) and direction of mitotic cell division (37) . In particular, Hertwig has shown that elongated cells from frog embryos divide and form daughter cells along their long axis (38) . Therefore, physiologically, substrate curvature-induced cell elongation along the cylindrical/tubule axis may have a role in directing cell division along the tubule axis, thereby facilitating tubule elongation without increasing the tubule diameter. Defects in cell elongation along the tubule axis may result in uncontrolled enlargement of tubules within the body that may be undesirable to the organism. Indeed, Fischer et al. have shown that during rodent development, orientation of mitotic events in the renal tubule cells are directed along the tubule axis, resulting in tubule lengthening while maintaining constant tubule diameter (39) . Defects in oriented cell division along the tubule axis, as seen in rodent models for polycystic kidney disease, were found to trigger enlargement of tubule diameter that precedes cyst formation. Nelson et al. have also shown that epithelial tracheal cells elongate along the longitudinal axis of the tracheal tube in wild-type Drosophila. However, in Src42-null Drosophila, epithelial tracheal cells were found to elongate less along the tube axis and formed tracheal tubes that are shorter in length but larger in diameter as compared to wild-type tubes (22) . We therefore propose that an optimum R c , at which substrate curvatureinduced cell elongation along the cylindrical axis is the highest, facilitates formation of tubules of a particular diameter.
We also noticed that the value of the R c ¼ 40 mm, beyond which cell elongation reduces, coincides with the typical range of cysts radius that MDCK cells tend to form in 3D culture (40) . Enemchukwu et al. reported that MDCK cells cultured in synthetic 3D hydrogels for 10 days typically have a Feret diameter of $70 mm (radius $35 mm) (41) . In addition, MDCK cells grown in negatively curved spherical scaffolds of diameter 70 mm were found to organize into cyst-like structures with the apical surface facing the lumen of the scaffolds (42) . Experimentally, we do occasionally observe the formation of 3D cyst-like structures with our system when R c ¼ 20 mm. It could be possible that once substrate R c is below 40 mm, cells may preferentially form spherical structures and lose their elongation as a sphere is perfectly symmetric.
In conclusion, we have demonstrated a robust and novel, to our knowledge, way of fabricating substrates with negative curvatures of length scales similar to that present in our bodies. These substrates could provide a method for biologists to study and conduct experiments on cells in biologically relevant geometry. We have shown that substrate curvature can lead to physical rearrangement of cells within the epithelial cell sheet that is considerably different from cells grown on physiologically less-relevant flat substrates. Substrate curvatures could therefore potentially affect cellular responses to external cues and should be considered in in vitro assays, such as drug testing on cells originating from tubular structures. We therefore propose that our method of fabricating substrates of different curvatures could help bridge the gap between in vitro and in vivo studies and offer a more realistic understanding of the cellular response under more physiologically relevant conditions.
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